This communication describes the synthesis of: (i) non toxic and low cost nanocrystalline electrode materials which can be advantageously prepared at low temperature; (ii) highly conductive electrolyte membranes formed by the nano-encapsulation within a poly (acrylonitrile)-based polymer matrix of a solution of LiPF6 in organic solvants. The performances of rechargeable PLR (Plastic Lithium Rechargeable) batteries using the above mentioned components are presented.
INTRODUCTION
Two events deserve to be reported.
(1) The recent advances in portable electronic devices (portable computers, cellular phones, camcorders ) have resulted in a significant growth in the need for miniaturized power sources able to power these systems.
(2) Mankind is becoming increasingly aware of the damaging health and environmental effects of releasing nauseous gases into the atmosphere due, for instance, to the transportation in big cities. Consequently high energy and rechargeable power sources are needed for the development of long range electric vehicles leading to the improvement of the air quality [1] .
These two demands have motivated the research on electrical energy systems which will be more powerful and occupy a smaller volume than conventional batteries. Obviously these new power sources must be nonpolluting and non toxic. Related to that a huge research is in progress in United States, Asia and Europe and three battery systems emerged among the most efficient ones for electric transportation application [1 5] . As quoted by Megahed S. and Scrorati B. [1] , the first system uses a molten sodium anode, a sulfur-impregnated carbon felt cathode and a solid sodium ion-conducting electrolyte; the second one uses a Li-A1 anode, an iron disulfide cathode, and a molten LiC1-LiBr-KBr electrolyte. However, these two systems operate at high temperature (above 300C) [1] ; they are, thereby, inappropriate for the portable electronic devices. That is not the case for the third nonaqueous systems, so called lithium batteries, which can efficiently be used at room temperature and are, therefore, intensively studied at the present time. They are based on a lithium metal or a lithium-inserted graphite as anode, a lithium-ion conducting electrolyte and a cathode material. The cathode material must be both a ionic and electronic conductor and has, generally, a structure which is opened (layered or tunneled) and can, thereby, reversibly intercalate lithium ions. Among the most efficient cathode materials let us mention transition metal dichalcogenides or oxydes such as TiS2, LiNiO2, LiCoO2, LiMn204, V6013 .
For sake of clarity the working principle of such a Li battery is illustrated on Figure 1 . In [1, 33] . The overall process of such batteries, so called "lithium ion batteries", is illustrated on Figure 3 and can be expressed as [1, 33] In fact, the use of LixC6 as lithium source instead of Li metal induces losses in specific energy; moreover, voltage fluctuations, which can expand up to 1.5 V, can occur on cycling [34, 35] .
In addition, an unnegligeable excess of cathode material is often required in order to get an acceptable cycle life of the "lithium ion batteries", due to the irreversible capacity in the first cycle [1] . For these reasons we have targeted our research on PLR systems which involve a lithium metal film as anode with the objective of reducing: (i) the instability of the lithium metal/electrolyte interface; (ii) the probability of short-circuit which may occur during the charging process due the dendritic growth of lithium metal on the anode. We believed that these two problems can be circumvented owing to an appropriate selection and ratio of the components forming the polymeric electrolyte-membrane. If the polymeric electrolyte membrane is one of the two key components of the PLR system, the second one is, obviously, the electrode material.
We will show here also that nanocristalline compounds are promising electrode materials for PLR systems. [41] [42] [43] [44] [45] [46] [47] . We have followed here the above mentioned approach (ii) with the aim of preventing the short-circuit events which may occur during the charging processes of the battery, as quoted above.
CHOICE OF THE MATERIALS-EXPERIMENTAL-DISCUSSION
We have selected PAN because it is apparently the most stable versus oxidation so that it will not decompose during the charging processes of the PLR batteries [48] . Moreover the PAN has polar CN groups which can interact with the liquid electrolyte inhibiting, thereby, its departure. The liquid electrolyte consists of lithium hexafluorophosphate (LiPF6) dissolved in an appropriate mixture of ethylene carbonate (EC) and propylene carbonate (PC); the polymer-electrolyte interaction would be ensured by the labile hydrogen of PC and the polar CN groups of PAN (Fig. 4) LiC104 or LiAsF6 would be greater. However we checked that the oxydation potential of PF-remained rather high, around 4.3 V vs. Li [48] . In fact we have not considered here LiCIO4, due to its explosive character in presence of organic solvants, and LiAsF6, due to the toxicity of Arsenic. Moreover the highest cathodic stability was observed for the electrolyte membranes using LiPF6 [48] .
b) Manufacturing Process
The manufacturing process of the polymeric electrolyte membrane is illustrated on Figure 5 " the reagents were first mixed at the required mass ratio in the inert atmosphere of a dry box and, then, heated at 110C in order to get a solution of appropriate viscosity which can be easily cast onto the substrate. Membranes having a translucent elastomeric appearance were finally obtained after cooling at room temperature. (Fig. 6) , [48] .
Moreover the membrane has the required dimensional stability, with a Young modulus of 1.7 MPa at 25C [48] . Figure 6 shows that this composition is rather critical: a slight modification of the EC/PC ratio or of the LiPF6 content induces, indeed, a drop of the conductivity, particularly at low temperature. In fact, this drop of the conductivity arises from a crystallization process. The latter is illustrated on Figure 7 which displays the DSC thermograms of various membranes having different proportions of EC and PC.
The peaks A and B which appear only for the membranes 1, 2 and 3 account for a crystallization process (peak A) followed by a melting process of the crystallized species (peak B). It is noteworthy that the membrane 4 which does not undergo any visible crystallization process (Fig. 7) has the highest conductivity reported above (Fig. 6 ). It corresponds, indeed, to the composition (molar %): 20 PAN//5 LiPF6/40 EC/ 35 PC. In fact, the drop of the conductivity observed for the other compositions (Fig. 6) , which exhibit the crystallization process evidenced on Figure 7 , would imply that the crystallized species involve Li + ions which are trapped in crystallized EC. On the other hand, for the membrane 4 (Fig. 7) , having the highest conductivity, all EC interacts efficiently with PC so that no crystallization of EC occurs. The Figure 8 log.o . . Fig. 7 ) having the highest conductivity (see Fig. 6 ). *The additive A (see Fig. 5 ) is added.
illustrates the rather good electrochemical stability of the membrane 4; the electrochemical stability window was determined by running voltammetry sweeps of a stainless steel blocking electrode vs. a lithiumfoil counter-electrode. [49] . However the high cost and toxicity of cobalt motivate the development of cheaper and non-toxic electrode materials. In this prospect nanocrystalline or/and X-ray amorphous, lithium-manganese oxides are very attractive alternatives [50] [51] [52] [53] ; moreover these materials can be advantageously prepared at low temperature leading to low-cost manufacturing processes.
Ten years ago, we have indeed shown, using many examples, that the control of crystallite size was a key factor which determine the electrochemical performances of the electrodes. The following "electrochemical model" was deduced [51] :
"Nanocrystalline materials are likely to have an enhanced electrochemical activity, compared with that of their microcrystalline homologue, provided that the first electrochemical process which intervenes is a discharge of the Li battery.
The discharge should begin with an electrochemical grafting of the Li + ions at/near the crystallite surface. The structural defects or distorsions at/near the crystallites, which are more obvious in the nanoscale region than in the microscale one, can indeed act as reversible grafting sites for Li + ions.
The following second electrochemical step occurs during the discharge of the Li battery (when the crystallite structure is adapted):
intercalation of the Li + ions into the crystallites.
The discharge-charge electrochemical process can be depicted as:
grafting intercalation &intercalation degrafting.
These concepts are important because they allow to foresee when it is preferable to use nanocrystalline electrode materials (or microcrystalline electrode materials), depending on whether the first electrochemical process of the Li battery is a discharge (or a charge)".
We will illustrate, here, these concepts for two different nanocrystalline electrode materials based on lithium manganese oxide:
(i) nanocrystalline spinel-type "LiMn204" [48, 52] .
(ii) nanocrystalline rock-salt type "LiEMnO3" [50, 48] . An original polymeric route, that we have recently patented [53] , has been used. It is depicted on Figure 9 .
Homogeneous FIGURE 10 The average oxidation state of Mn, which is higher than 3.5, and the Mn RO, Mn--Mn coordination numbers, which are lower than 6, observed for the nanocrystalline 'LiMn204' have been deduced from XAS analysis. They were correlated to the higher structural disorder which is characteristic of the nanocrystalline texture [52] . For instance, this figure shows the XANES (Mn K edge) spectra for the nanocrystalline LiM n2O4'.
the combination of chemical titration, XPS analysis [48] and XAS analysis [52] , (Fig. 10 ). The TEM micrographs (Fig. 11 ) and XRD pattern ( Fig. 12) [50, 51, 52, 54] , and also according to the above quoted "electrochemical model".
Here we have used LiI to reduce the permanganate ion (MnVUO-) in Na + containing aqueous medium [50] in order to produce a Mn TM rich nanocrystalline oxide of composition close to LiEMnO3. The detailed preparation process is illustrated on Figure 13 .
The as-prepared sample was found to be amorphous to X-ray diffraction as similarly observed by Kim, J. and Manthiram, A. The detailed textural and structural investigation using XPS, XAS, TEM, XRD etc analysis is currently in progress and will be reported later on [55] . The PLR cells were assembled, in the dry box, by sandwiching the above mentioned membrane 4 (see Fig. 7 ) between a lithium foil and the composite cathode.
The electrochemical measurements were performed using computercontrolled potentiostat/galvanostat (Tacussel, PGS 201T model). The cells based on nanocrystalline "LiMn204" and on nanocrystalline "Li2MnO3" were cycled between cut-off voltages of 2.2-3.2 VLi/Li+ and of 2-4 VLi/Li+ respectively at a current density of 1 mA.cm (C/5).
The reversible capacity corresponds to 0.8 mole of Li per mole of electrode material as shown on the Figures 14 and 15 . This rather high and reversible capacity was related to the presence of the structural defects arising from the nanoscale structure, in agreement with the "electrochemical model" mentioned above. The influence of the structural defects has been investigated recently using XAS or Li NMR [52] and also the evolution of the open circuit voltage of the cell as a function of the inserted Li [48] .
In conclusion, the PLR batteries based on the electrolyte membrane of composition (molar %): 20 PAN//5 LiPF6/40 EC/35 PC, sandwiched between a Li foil and nanocrystalline "LiMn204" or "Li2MnO3" composite cathode appears to be highly attractive for industrial point of view, although further investigation is needed. 
